To evaluate, at a single institution, the adult respiratory distress syndrome (ARDS) death rate in critically ill ventilated surgical/trauma patients and to identify the factors predicting death in these patients.
Objective
To evaluate, at a single institution, the adult respiratory distress syndrome (ARDS) death rate in critically ill ventilated surgical/trauma patients and to identify the factors predicting death in these patients.
Summary Background Data
The prognostic features affecting mortality at the onset of ARDS have not been clearly defined. Defining rare characteristics would be valuable because it would allow for better stratification of patients in clinical trials and more appropriate utilization of constrained resources in ICU environments.
Methods
A retrospective analysis of 980 ventilated surgical and trauma intensive care unit patients from January 1990 to December 1998 was performed at Rhode Island Hospital. One hundred eleven adult intensive care unit patients with ARDS were identified using the criteria of Lung Injury Score more than 2.50 and the definition from the American-European Consensus Conference. Slightly more than half were trauma patients, 57% were men, and the median age was 59 years. The overall death rate was 52%. Patients were segregated by admission date to the intensive care unit (before or after January 1, 1995) . Severity of illness was measured by the Revised Trauma Score for trauma patients and the Acute Physiology and Chronic Health Evaluation III for surgical patients. The Multiple Organ Dysfunction Score was determined on the day of onset of ARDS for all patients. Other recorded variables were age, sex, intensive care unit length of stay, length and mode of ventilation, presence or absence of tracheostomy, ventilation variables of peak and mean airway pressures, lung injury scores, elective versus emergency surgery, and presence or absence of pneumonia.
Results
There was a significant decrease in the ARDS death rate from the period 1990 to 1994 to the period 1995 to 1998. The major reason for the decline was a reduction in the posttraumatic ARDS death rate. Lung-protective ventilation strategies were used more frequently in the second period than in the first, and the death rate was significantly decreased in trauma patients in the second period when lung-protective ventilation modes were used. Predictors of death at the onset of ARDS were advanced age, Multiple Organ Dysfunction Score of 8 or more, and Lung Injury Score of 2.76 or more.
Conclusion
In this single-institution series, the death rate from ARDS declined from 1990 to 1998, primarily in posttraumatic patients, and the decrease is related to the use of lung-protective ventilation strategies. Based on this patient population, the authors developed a statistical model to evaluate important prognostic indicators (advanced age, organ system and pulmonary dysfunction measurements) at the onset of ARDS.
More than 30 years ago, the clinical presentation of acute respiratory distress syndrome was reported by Ashbaugh et al 1 from a series of patients with the acute onset of tachypnea, hypoxemia, decreased pulmonary compliance, and diffuse bilateral infiltrates on a chest radiograph. Four years later, this clinical consortium of signs and symptoms was officially termed adult respiratory distress syndrome (ARDS). 2 Despite advances in critical care, death rates have remained high (Ͼ50%), [3] [4] [5] [6] with recent reports suggesting only a small improvement in outcome. [7] [8] [9] The risk factors associated with the development of ARDS are sepsis, trauma, multiple transfusions, aspiration of gastric contents, pulmonary contusion, pneumonia, and near-drowning. 10 The current definition of ARDS has evolved from the five initial diagnostic criteria: acute respiratory failure from a known risk diagnosis, low respiratory compliance, a pulmonary artery occlusion pressure of 16 mmHg or less, diffuse bilateral infiltrates on a chest radiograph, and a decreased arterial-to-alveolar partial pressure of oxygen ratio (Ͻ300). 11 More recently, various lung injury scores have been developed to stratify patients. One example is the Lung Injury Score (LIS), 12, 13 with ARDS defined by a score of more than 2.5. Several ARDS clinical trials have used this score to identify appropriate patients. 14 -17 Recently, the American-European Consensus Conference established a definition of ARDS 18 incorporating three criteria: an oxygenation ratio of partial pressure of arterial oxygen to fraction of inspired oxygen of less than 200, regardless of positive end-expiratory pressure level; bilateral infiltrates on a frontal chest radiograph; and a pulmonary artery occlusive pressure of 18 mmHg or less when measured, or no clinical evidence of left atrial hypertension.
The outcome for an individual patient with ARDS is difficult to predict. Although various scoring systems to estimate the risk of death on admission to the intensive care unit (ICU) have been reported, their accuracy has not been validated. 19, 20 The fact that pulmonary failure is responsible for only 30% of deaths in patients with ARDS is a major reason for the failure of these predictors. 5 Most deaths occur as a result of either multiple organ failure or the primary disease process. 21 In addition, the presence of liver failure, the duration of organ failure, and advanced age carry a poor prognosis. 22 In this analysis, we identified all patients meeting both definitions of ARDS as described above (LIS, American-European Consensus Conference) among critically ill surgical and trauma patients at a single institution. Our principal objective was to identify the factors predicting death of patients at the onset of ARDS and to examine yearly death trends.
METHODS
This retrospective review encompasses all ventilated patients in the surgical and trauma ICUs of Rhode Island Hospital from January 1990 through December 1998. Rhode Island Hospital is a 480-bed tertiary care center affiliated with Brown University. All the research was approved in accordance with the institution review board committee of Rhode Island Hospital.
Patients with ARDS were identified using the LIS 12 and the ARDS definition of the American-European Consensus Conference. 18 LIS is based on four criteria: chest radiography score, hypoxemia score (PaO 2 /FiO 2 ), respiratory compliance score (mL/cm H 2 O) when ventilated, and positive end-expiratory pressure score (cm H 2 O) when ventilated. A four-point scale is used for each criterion. A mean score of more than 2.5 defines severe lung injury consistent with ARDS; a score of 2.5 or less defines acute lung injury. Thedefinition by the American-European Consensus Conference was given above. Included patients met both definitions of the LIS and the American-European Consensus Conference.
Patients were segregated by admission date to the ICU: before (group 1) or after (group 2) January 1, 1995. Severity of illness was measured by the admission Revised Trauma Score for trauma patients and the Acute Physiology and Chronic Health Evaluation III (APACHE III) for surgical patients on ICU admission. The Multiple Organ Dysfunction Score (MODS), which evaluates simple physiologic measurements of dysfunction in six organ systems, was calculated on the day of onset of ARDS for all patients. Univariate analysis was performed with death as the dependent variable and age, sex, ICU length of stay, length and mode of ventilation, presence or absence of tracheostomy, elective versus emergency surgery, and presence or absence of pneumonia as the independent variables. Identification of these prognostic factors was assessed in previous studies. 21, 22 Pneumonia was defined as the presence of documented bacterial pathogens in an adequate (i.e., Ͻ2ϩ epithelial cells, Ն2ϩ polymor phonuclear leukocyte (PMN)) sputum sample. The cause of ARDS in a given patient was identified as infection (patients with intraabdominal sepsis or pneumonia), multiple trauma (patients with multiple fractures or pulmonary contusion), or other causes (patients with multiple transfusions [Ͼ6 units in 12 hours] and absence of long bone fractures in trauma patients, aspiration pneumonitis, disseminated intravascular coagulopathy, inhalation injury, pancreatitis, or postpneumonectomy).
The ARDS score was analyzed at the onset of ARDS. This score was calculated as described by Cryer et al 23 for assessment of pulmonary dysfunction and takes into account five criteria: chest radiograph findings, hypoxemia score (FiO 2 /PaO 2 ), minute ventilation (min/L), positive endexpiratory pressure (cm H 2 O), and static compliance (mL/cm H 2 O). Overall patient deaths and deaths occurring in the ICU were calculated. Deaths were also categorized as occurring before or after 30 days.
The statistical analysis used independent-sample t tests and chi-square tests to evaluate differences between the two time periods and to identify patient characteristics associated with death (Tables 1, 2). Logistic regression identified variables predictive of death in a multivariate setting. All predictor variables with a probability value of 0.15 from the t test and chi-square analyses were entered into an initial logistic regression model. Wald and likelihood ratio tests eliminated in iterative fashion noncontributory variables from the model. 24 The fit of the model was assessed with the Homer and Lemeshow chi-square statistic 24 and by calculating the sensitivity and specificity of the model in determining death in the sample population based on a probabil-ity (probability of death as determined by the model) cutoff of 0.5.
RESULTS
One hundred eleven patients were identified with ARDS (average of 12.3 per year, range 8 -21) from the 980 ven-tilated patients. Patient demographics are shown in Table 1 . Overall, 54% (60/111) were trauma patients and 57% (63/ 111) were men. The median age was 59 years (range 18 -93); the surgical patients were a mean of 16 years older than the trauma patients (67 vs. 51, P ϭ .00001). Sixty-nine patients had surgery (50 emergent, 19 elective) and 32 
Comparison of Independent Factors Between Groups
Patients admitted from 1990 to 1994 (group 1) were similar to those admitted from 1995 to 1998 (group 2) in terms of sex, need for elective tracheostomy, length and mode of mechanical ventilation, and ICU length of stay (see Table 1 ). Both the mean age and the proportion of surgical to trauma patients tended to be greater in group 2. The percentage of patients undergoing emergency surgical procedures tended to be greater in group 1 than in group 2 (84.6% vs. 66.2%; P ϭ .060). APACHE III scores (surgical patients) were similar in the two groups. Revised Trauma Scores (trauma patients) were lower in group 1. There were no significant differences in mean airway pressure, MODS, LIS, and ARDS score at the onset of ARDS. Lung-protective ventilation strategies (pressure-control ventilation, high-frequency oscillatory ventilation, permissive hypercapnia, pressure-regulated volume-controlled ventilation) were used more frequently in group 2 versus group 1 (50.8% [33/65] vs. 21.7% [10/46], respectively; P ϭ .002), with a modest decrease in the death rate of those patients in group 2 versus group 1 (51.5% [17/33] vs. 70% [7/10], respectively).
From 1990 to 1994, the overall annual death rate from ARDS ranged from 67% to 80%. Annual death rates from 1995 to 1998 were less than 50% (range 25-47%; Fig. 1 ). The incidence of ARDS per ventilated patient in the ICU was similar in the two periods ( Table 4 ). The average yearly and overall ARDS death rates in the latter period were nearly half that of the earlier period (71.7% vs. 38.5%, P ϭ .001; Tables 4 and 5 ). We also found a decline in the 30-day death rate (63.0% vs. 36.9%, P ϭ .007). Although the death rate for both trauma and surgical patients declined from the first period to the second, the decrease was significant only in trauma patients (Fig. 2 ).
Comparison of Outcome Variables Between Survivors and Nonsurvivors
There were no significant differences in the proportion of surgical to trauma patients, APACHE III score for surgical patients, Revised Trauma Score for trauma patients, elective tracheostomy, presence of pneumonia before or after onset of ARDS, and length and mode of mechanical ventilation between survivors and nonsurvivors (see Table 2 ). Both the age of nonsurvivors and the percentage of men dying tended to be greater than the survivor age and female death percentage. Survivors of ARDS had significantly lower peak airway pressures, LIS, ARDS score, and MODS than nonsurvivors. Mean airway was also lower for survivors, but the difference did not reach significance. The incidence of surgery performed was similar between survivors and nonsurvivors, but the percentage of emergency procedures performed in eventual nonsurvivors was significantly greater than in survivors (83.8% vs. 57.6%; P ϭ .015; see Table 2 ). The ICU length of stay also was significantly increased for survivors.
Results of Logistic Regression Analysis
Bivariate testing (see Table 2 ) resulted in the identification of seven predictor variables that met our criteria for entry into the multiple logistic model to predict death: gender, age, peak airway pressure, mean airway pressure, MODS, LIS, and ARDS score. The analysis included surgical and trauma patients. The ICU length of stay was not included because this variable could not be assessed at the onset of ARDS. The model, which was highly significant (log likelihood Ϫ54.16, chi-square ϭ 45.33, P Ͻ .0001), retained three variables: age, MODS, and a design set for LIS. The odds ratios of the predictor variables, with confidence intervals, are shown in Table 6 . The coefficients of these variables form a logistic equation for the prediction of the likelihood of death: log-odds death (L) ϭ Ϫ1.712 ϩ (2.061 * age Ͼ 75) ϩ (1.527 * MODS Ն 8) ϩ (0.91 * LIS 2.76 to 3.0) ϩ (1.742 * LIS Ͼ 3.0). The log-odds (L) are converted to a probability by the formula 1/(1 ϩ e -L ). The Hosmer and Lemeshow goodness-of-fit statistic (eight groups) was 0.76; the sensitivity and specificity of death determinations made from the model, using a probability cutoff of 0.5, were 62.1 and 73.6, respectively. Patients with age 75 years or younger, MODS less than 8, and LIS less than 2.76 have a predicted death rate of 15%. Conversely, the patients with age older than 75 years, MODS more than 8, and LIS more than 3.0 have a dismal predicted outcome (97% probability of death) ( Fig. 3) . Patients with only age older than 75 years had a 59% probability of death; age was the strongest single predictor of death. Being a patient in the earlier time frame (group 1) increased the odds ratio of death by a factor of 7.8. Similar bivariate testing was done with the groups separately (Table 7) . These models were highly significant (log likelihood Ϫ17.44, chi-square ϭ 13.94, P Ͻ .0030; log likelihood ϪϪ33.88, chi-square ϭ 18.96, P Ͻ .0008, respectively). In group 1, age predicted death perfectly: all patients older than 75 years died. Subsequently, the logistic regression analysis of group 1 dropped patients older than 75 years and showed that MODS strongly predicted death and LIS was less important in patients 75 or younger. In contrast, LIS more than 3.0 was the strongest predictor of death in group 2. Age was also an important predictor of death, but MODS was the least significant variable predicting death in group 2.
DISCUSSION
The overall death rate of ARDS patients has been reported in the recent literature as 40% to 60%. 7, 9, 18 ARDS patients predominantly die in the first 2 weeks of their illness, usually as a result of sepsis and multiple organ failure. Predictors of death include the number of organ systems that fail, the presence of liver failure, the duration of organ failure, and advanced age. 21, 22 However, accurate predictors of death at the onset of ARDS have not been established. The main objectives of this study were to examine the death rate of ARDS at our institution and to identify the factors predicting survival versus nonsurvival of this population over time. This analysis detected a significant decline when comparing patient populations from 1990 to 1994 (group 1) and 1995 to 1998 (group 2) (see Table 5 , Fig. 2 ). Patients in these two groups were similar in LIS, MODS, and ARDS score, illustrating similar organ system and pulmonary dysfunction at the onset of ARDS. The improvement in the death rate occurred despite the older population in group 2 (54 vs. 62 years, P ϭ .062), although outcome is better in younger patients with ARDS. 7, 21 The decrease in the death rate in the latter period can partially be explained by the significantly lower peak airway pressures and a trend toward a lower percentage of emergency surgery. The overall death rate decreased even though trauma patients represented a smaller percentage in group 2 (see Table 1 ).
Improved death rates were also found separately for surgical patients and trauma patients (see Table 5 , Fig. 2 ). The greater improvement in trauma-related death rates is in part explained by the more severely traumatized population in the earlier period as assessed by the Revised Trauma Score (8.1 vs. 9.5, P ϭ .047). In addition, trauma patients had a lower ARDS score than surgical patients (10.5 vs. 11.3, P ϭ .003). However, when analyzing the Revised Trauma Score between survivors and nonsurvivors, the difference was not significant. No relation between Injury Severity Score and death from ARDS has been found. 5 In addition, the trauma patients were younger than the surgical ones (51 vs. 67 years, P ϭ .0001), and as already mentioned outcome is better in ARDS patients who are younger than 60 years. 7 The severity of illness of surgical patients as measured by APACHE III scores did not differ in the two time periods at the onset of ARDS. Sepsis, as defined by an intraabdominal source of infection, in our study was the most common cause of ARDS, in accord with the results of several other studies. 5, 7, 21, 22 Intraabdominal sepsis occurred more frequently in surgical patients than trauma patients (see Table 3 ), which may explain the greater decline in the death rate in the trauma group, because sepsis has been associated with a higher death rate than other causes of ARDS. 7, 22, 24 There was no statistical difference in the cause of ARDS between the two periods (see Table 3 ). Further analysis between the ARDS death rate and the different causes was performed to explain whether a certain clinical condition has influenced or benefited from advances in critical care and thus contributed to the improved death rate. Patients whose ARDS was caused by infection (intraabdominal sepsis and pneumonia), multiple trauma, and all other causes (multiple transfusions, aspiration, disseminated intravascular coagulopathy, inhalation injury, pancreatitis, and postpneumonectomy) had improved survival in the latter period (Fig. 4) . The causes of ARDS are often categorized as direct or indirect. Direct causes result from a contact injury (e.g., pulmonary aspiration, pneumonia, pulmonary contusion, inhalation injury), whereas a host response appears to be required for an indirect injury to develop (e.g., intraabdominal sepsis, multiple fractures, pancreatitis, multiple transfusions). Causes of ARDS including both direct and indirect injury also had a lower death rate in the more recent period. Our review found a general improvement in the death rates of all the groups stratified by the cause of ARDS, whether from infection, multiple trauma, or direct versus indirect injury.
The logistic regression model found that patients older than 75 years had a risk of death 15 times that of those 75 or younger. MODS of 8 or more (OR ϭ 5.0) was a strong predictor of death in our model, similar to that found by Marshall et al. 25 LIS has been used to differentiate between acute lung injury and ARDS, 14 -17 but in our study LIS showed a linear progression with death as well. We predicted that assessment of pulmonary dysfunction at the onset of ARDS would predict death; however, the ARDS score, which also quantitates respiratory failure, was eliminated in our logistic model after determining that it was a noncontributory variable in predicting death. LIS involves similar ventilation variables but incorporates minute ventilation. The two scores have different formulas for hypoxemia, respiratory compliance, and positive end-expiratory pressure scores, which may explain why LIS was a more reliable predictor of ARDS death.
Our results showed that the probability of death can be assessed by the concurrent evaluation of several prognostic variables at the onset of ARDS (age older than 75 years, MODS Ն 8, LIS 2.76 -3.0, LIS Ͼ 3.0). As shown in Figure  3 , the probability of death is 50% or less when the patient is 75 or younger in the presence of one prognostic factor. However, a patient older than 75 years, with or without the presence of multiple predictor variables, has a likelihood of death of more than 50%; it increases to nearly 100% when all prognostic variables are present. Thus, our logistic equation provides a tool for evaluating several key prognostic indicators for poor outcome concurrently (advanced age, organ system and pulmonary dysfunction measurements) to predict the probability of death at the onset of ARDS.
When the two groups were incorporated as variables in our multiple logistic analysis to evaluate the odds of death, group 1 patients were approximately eight times more likely to die than group 2 patients (Table 6 ). Patients in both groups were also analyzed separately to evaluate factors predicting death (Table 7) . Age was the most important factor in group 1 (all patients older than 75 died), whereas MODS was significant in patients 75 or younger. The strongest prognostic variable in group 2 was LIS, although age was also important. This demonstrates that the predictors of death changed over the course of our study, and that the most severe lung injury (LIS Ͼ 3.0) in and of itself is largely responsible for recent ARDS deaths. This also suggests that the decrease in the ARDS death rate may be a result of more successful treatment or prevention of multiple organ system failure in critically ill patients, because MODS was the least significant factor in predicting death in group 2.
Trauma patients were further evaluated to explain the decrease in ARDS death between the groups. As mentioned above, one reason may be that trauma patients were a more severely traumatized population in group 1, as assessed by the Revised Trauma Score. The variables of age, mean airway pressure, MODS, LIS, and ARDS score were similar between trauma patients in group 1 and group 2. The factors predicting death were also similar (age older than 75, LIS Ͼ 3.0, MODS Ն 8). However, in group 2 the peak airway pressure was lower (32.8 cm H 2 O vs. 35.9, P ϭ .05), the use of lung-protective ventilation was increased (32.3% vs. 17.2%), and the death rate was significantly decreased in trauma patients in whom lung-protective ventilatory modes were used (40.0% vs. 100%, P ϭ .025). Therefore, the improved outcome in posttraumatic ARDS is likely to be multifactorial and involves a younger trauma population, compared with a nontrauma population, and perhaps the lower peak airway pressures of trauma patients coinciding with the successful use of lung-protective ventilation strategies. The loss of an effect of lung-protective ventilation modes in surgical patients remains unclear but may be related to an older surgical population and a higher ARDS score. Current treatment strategies for patients with ARDS favor the reduction of tidal volumes and lower peak airway pressures during mechanical ventilation. Barotrauma and alveolar stress injury of high airway pressures cause alveolar overdistention that not only impedes recovery from ARDS but also may contribute to the progression of the disease. The goal of lung-protective ventilatory modes is to prevent the pulmonary injury produced by alveolar overdistention. However, patient survival data in ARDS patients to support lung-protective ventilation strategies over other approaches are lacking.
The improvement in the death rate reported here is similar to the findings of other recent studies. [7] [8] [9] Nonetheless, there are several limitations to our review. Our review was retrospective, only surgical patients were evaluated, and although the cause of ARDS was reviewed, the cause of death was not pathologically evaluated in all patients. Potential strengths of this study were that the data were obtained from a single institution and that the patient criteria for having ARDS were rigorous. Patients had to meet the criteria of ARDS as defined by the American-European Consensus Conference and had to have an LIS of more than 2.50 to be included in this review.
Randomized, controlled clinical trials with ARDS patients have not revealed that one ventilation method is superior to another or that new drugs improve outcome. 26 In our review the presence or absence of pneumonia did not affect the death rate, and lung-protective ventilation strategies produced only a small increase in overall survival to hospital discharge, similar to the results of a recent study. 27 However, we showed a significant reduction in the death rate in trauma patients when lung-protection ventilation strategies were used. It is likely that the reduction in the death rate in this study results from multiple advances in the care of critically ill patients and that there is no single intervention that has resulted in improved ARDS survival.
Our review found reduced death rates for all grouped causes. ARDS is often associated with multiple organ system failure, and therefore treatments must alter the outcome of and treat multiple organ dysfunction to improve survival of ARDS patients. The decline in the death rate of ARDS patients, as shown in this study and as reported in other studies, may reflect the improved care or prevention of multiple organ system failure as a result of recent advances in surgical critical care. 28 -30 
